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ABSTRACT

Data are presented for a one-minute dip in electron intensity
that was observed coherently by four different University—of Jowa—2—""
detectors at 1546:51 ERT on DOY 244/1979 as Pioneer 11 crossed the
orbit of Mimas inbound during its encounter with the Saturn system.
By a detailed analysis, we show that ('a’)'/this absorption microsigna-
ture in electron intensity is plausibly attributable to the particle
sweeping effect of Mimas; {uJ the radial width of the signature is
caused primarily by energy dispersion in the longitudinal drift
rate of electrons and not by radial diffusion; {—9’5/ fhe spectrum
of trapped electrons at Mimas is nearly monoenergetic, centered

at kinetic energy E = 1.59 MeV with a spread 8E ~ 0.1 MeV;

YN
Je'tea {

(&Y this narrow spectrum, which is unique in magnetospheric
physics, is caused by the 'gand-pa.ss filterinf action of the
successive inner satellites, most importantly Enceladus, on an
inward diffusing population of electrons; and ~(€5’ "the radial

diffusion coefficient D of electrons E = 1.0 MeV is 1.0 x(10

Ri/s“t at L = 4 and probably in the range 3;7 -a(—‘m’auto
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Introduction

A satellite orbiting within a planet's magnetosphere causes

S P Mg

a number of interesting and complex phenomena which provide unique

rersa. Y

information on particle diffusion and other dynamical processes.

Pioneer and Voyager observations have shown that Jupiter's satellite

EE TR Y

Jo is a spectacular example and that others of Jupiter's satellites

also interact with the magnetosphere. The Augnst/September 1979

e

flyby of Saturn by Pioneer 1l revealed the existence of a Saturnian

magnetosphere and provided many examples of the absorption of

trapped particles by its inner satellites, some of which were pre-

j viously unknown [Fillius et al., 1980; Simpson et al., 1980a;

23 SRS R

Trainor et al., 1980; Van Allen et al., 1980a, b].

Mead [1972] discussed such absorption processes in Jupiter's
magnetosphere prior to the first in situ observations by Pioneer 10. 2
Subsequent authors gave further calculations of effects on the inten- §
sities of charged particles trapped in the Jovian radiation belt :

[Jacques and Davis, 1972; Mead and Hess, 1973; Hess et al., 1973, :

EyeERer e

3 1974]. Observations by Pioneers 10 and 11 confirmed the importance

of satellite absorption effects and provided much detail [Thomsen,
1979].

Since the Pioneer flybys of Jupiter, a number of authors have
g used the observed satellite signatures in the energetic particle

data to deduce diffusion coefficients for the radial transport of
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trapped radiation [Simpson et al., 197L4; Mogro-Campero and Fillius, 4

FO.

1974, 1976; Thomsen and Goertz, 1975; Thomsen, 1976; Mogro-Campero,

1976; Thomsen, 1977; Thomsen et al., 1977a, bl. These analyses were

i ——— e ——_
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concerned with what may be called the "macrosignature"” of the satel-

Qe gy

| lite, i.e., the average effect that the satellite has on the dis-

tribution of trapped radiation over a fairly long time scale Ii

(quasi-stationary state). ¢
| Van Allen et al. [1980b] have deduced that the counting rates ¢
é of the University of Iowa detectors C and D in the inner magneto- f
! sphere of Saturn are primarily attributable to protons with energy 2
{ greater than about 80 MeV. Such energetic protons have very large g
| gyroradii (~ 2000 km) at the magnetic field strengths found in f

Saturn's inner magnetosphere (L ~ 3). Because of complexities ¥
introduced into the satellite sweep-up geometry by such large gyro- ?
radii, we defer to a later paper a full analysis of the macro- é

signatures of satellite sweeping at Saturn. In the present paper

e e

we first make a few remarks on the macrosignature of Mimas and

then focus attention on a "microsignature" of satellite absorption,

specifically a brief dip in the charged particle intensities ob-
served on the inbound pass of Pioneer 1l as it passed through the

orbital range of the satellite Mimas. This feature, which lasted
only about 1 minute, was first noted by Simpson et al. [1980a],

who remarked that it could not be a direct "shadow" of Mimas be-

cause Mimas was a considerable fraction of its orbit away from

: Pioneer 11 at that time.

TR MR e gy e et P, R Y e
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In this paper we develop the hypothesis that this micro-
signature is indeed the "shadow" of Mimas, not in the sense
that the spacecraft passed through the magnetic flux tube contain-
ing the satellite, but rather in the sense that the observations
reveal the effect of the satellite on a distribution of particles
which interacted with it at some time in the recent past and then
drifted in longitude (by means of corotation, gradient, and curva-
ture drifts) to the observational location. Such a point of view
leads us to a characterization of the electron energy spectrum in
Saturn's inner magnetosphere and to an estimate of the radial

diffusion coefficient for such electrons.

Macrosignature

Figure 1 shows frame-by-frame counting rates for detectors A,
B, C, and D of the University of Iowa's Geiger Tube Telescope (UI/GTT)
on Pioneer 11 for the time intervals during which the spécecraft was
traveraing the orbital location of Saturn's satellite Mimas. (See
Van Allen et al. [1980b] for a description of the instrumentation.)
Detectors A and B are directional detectors, and the large-amplitude
oscillations in the A and B counting rates are caused by a very
anisotropic pitch angle distribution. The period of the oscilla-
tions is the beat between the spacecraft rotation period and the
detector sampling period. Maximum intensities are observed when

the detectors are sampling pitch angles near 90° and minimum in-

tensities are observed near 0° and 180° (pancake distribution).
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Detectors C and D are omnidirectional detectors and hence show little
periodic modulation. Also shown in Figure 1 are the 115.5 second
(14 sample) averages of the counting rates. A sequence of fourteen
samples provides approximately complete pitch angle coverage; so
these averages eliminate the modulation due to the anisotropy of
the distribution.

The broad depressions in intensity observed by detectors C
and D within the radial range of Mimas' slightly eccentric orbit
constitute what we call the macrosignature of charged particle
absorption by Mimas. There is potentially a great deal of informa-
tion in thesg macrosignatures, but as indicated earlier, we defer a
detailed discussion of them to a later paper. One striking feature
seen in Figure 1 is the qualitatively different nature of the curves
for detectors C and D and those for detectors A and B. Outbound,
detectors A and B show no depression in their average counting rates
at Mimas' orbit. On the inbound crossing, these detectors both show
only a slight indication of a broad macrnsignature but exhibit a
dramatic dip in counting rate within a brief time interval around
1547 ERT. Detectors C and D also exhibit clear counting rate dips
at 1547 ERT, though not with as good statistical accuracy as do
detectors A and B. This brief dip is the microsignature that we
will be discussing. In contrast to the apparent absence of s
macrosignature in detectors A and B, detectors C and D show broad
and deep reductions in intensity, both inbound and outbound.

Furthermore, the macrosignatures in detectors C and D have
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relatively flat minima, covering essentially the entire radial range
of Mimas in its eccentric orbit (horizontal bar in Figure 1).

As discussed by Van Allen et al. {1980b], we attribute this
difference in macrosignatures to the fact that within the inner
magnetosphere detectors C and D are responding primarily to protons
with energies above 80 MeV, whereas A and B are counting primarily
electrons with energies of the order of 1 MeV. Thus, we can under-
stand the marked difference in the macrosignatures shown for the
various detectors in Figure 1 in terms of differences in the gyro-
radii and longitudinal drift rates of the particles being observed.
In particular, the gyroradius of an 80 MeV proton near the orbit
of Mimas is ~ 2000 km (0.033 Rs)’ whereas that of a 1 MeV electron
is only ~ 7 km. The effective sweeping radius of a nonconducting
satellite is approximately the sum of its geometric radius
(~ 180 km for Mimss [Cruikshank, 1978] and the particle's
gyradius [see, e.g., Thomsen et al., 1977a]. Hence, the satellite
absorbs high energy protons over a much greater spatial region
than it does low energy electrons. Furthermore, the angular
velocity in longitude (due to corotation, gradient and curvature
drifts) of 80 MeV protons relative to Mimas is ~ 10-2 radian s-l,
whereas that of ~ 1 MeV electrons is several orders of magnitude
less (almost "synchronous" with the satellite's orbital motion
[Thomsen and Van Allen, 1980]). As a consequence, high energy

protons encounter the satellite much more frequently and therefore

suffer far greater losses.
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On the basis of these arguments, we interpret the macro-
signatures of Mimas in detectors C and D as a true stationary state
resulting fraom essentially total absorption of high energy
(® 80 MeV) protons within the orbital range of Mimas. This inter-
pretation is consistent with the findings of Fillius et al. [1980].
As discussed by Van Allen et al. {l980b], we further interpret the
residual counting rates of C and D in the relatively flat minima of
their Mimas macrosignatures as being due to electrons, for which
satellite absorption is not nearly as effective as for high energy
protons. This latter fact is evidenced by the generally slight
absorption effect seen in detectors A and B. Van Allen et al.
[1980b] note that in this region detectors C and D might be respond-
ing either to direct penetration by electrons with energies greater
than 20 - 30 MeV or, much more likely, to bremsstrahlung arising
from lower energy electrons (~ 1 -2 MeV). 1In this paper we find

strong support for the latter possibility.

Microsignature

One of the most striking features of Figure 1 is the coherent
decrease in intensity observed by all detectors for about 1 minute
at 1547 ERT on the inbound crossing. No such feature is observed
(Figure 1) during the outbound crossing, in agreement with Simpson
et al. [1980a].

The time dependence of the counting rate of the omnidirectional

detector C, normalized to the trend line through the data on both

sides of the dip, is shown in Figure 2. The nature of the fitted
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curve is discussed later. Because of the strong modulation of the
counting rates of the directional detectors A and B, the preparation
of a composite curve for all three detectors is more difficult.
(The data from D are concordant but are of such low statistical
accuracy as to contribute little to the shape of the profile.)

For this purpose we normalized the A and B rates to an angular dis-
tribution function that was determined from the raw pitch angle
dependence of the counting rates just before and just after the
microsignature. Figure 3 shows an example of data obtained by
detector B Just after the microsignature. The solid line shows

an analytical expression that represents the observed points

quite well. The shape of this function also fits well the data
observed just prior to the microsignature, although the overall
intensity was somewhat lower. The expression given in Figure 3
was adopted as the normalizing function for the microsignature
points. The radial dependence of the resulting normalized set

of data points was then removed by dividing by the least-squares
fit of the spin-averaged data before and after the signature to

a function linear in radial distance. A similar procedure was
used for detector A, but the detector C data needed to be
normalized only by the radial distance fit. The resulting set

of normalized data points for detectors A, B, and C is shown

in Figure 4. The statistical counting errors for C are the

same as in Figure 2, but they are less by about a factor of 10

for A and B (Figure 1).
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We interpret the signature shown in Figure 4 as a "hole"

in the population of charged particles, which was created by the

satellite during the most recent encounter of these particles with it.
Such a hole is viewed as being created by satellite sweep-up in the
manner envisioned by Mead [1972]; i.e., any particle whose trajectory
(which is a combination of gyration about the field line, latitudinal
bounce along the field line, and longitudinal drift) intersects the
satellite is absorbed by it. Neighboring particles whose trajectories
do not intersect the satellite continue their longitudinal drift,
providing the undisturbed boundaries of the "shadow" of depletion.
Successive holes drift in longitude at the drift rate of the missing
particles to form an extended locus or "shadow". The shadow is:

(a) gradually filled in by particles diffusing radially into it from

the surrounding reservoir in response to fluctuating magnetic and/or

electric fields and (b) progressively washed out by energy and
pitch-angle dispersion in drift rate. As a function of increasing

longitude downstream from the point of origin, the shadow becomes

broader in radial width and shallower in depth, eventually disappear-
ing altogether. The rates at which these two processes occur provide
unique information on radial diffusion coefficients and on the
identity and energy spectrum of the particles under study. We have
not yet succeeded in solving the problem of simultaneous diffusion

and dispersion but treat the two processes separately and then

combine the results semi-intuitively.
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j Radial Diffusion

R

Diffusional fill-in can be modeled approximately by use of

the one-dimensional diffusion equation:

2

dy - L ¥ (1)
2

3x

where y(x,t) is the normalized charged particle number density,

ST s Sy e

X is the radial distance, t is the time, and D is the diffusion

‘ coefficient for radial transport (here assumed independent of x

AN

over a small range of x and of particle energy E). The initial
! value of y(x,t) at t = O must be specified by a model for the radial

profile created during the encounter with the satellite. The

e g™

simplest initial profile is a square well of width twice the
radius b of the absorbing satellite (i.e., one for particles ' ;"
whose gyroradius p << b) and of depth unity.

The solution of equation (1) for this case is given both g

analytically and graphically in Figure 5 as a function of x and f

! the dimensionless parameter

4Dt
T = - . (2)
b2

b g o= e -

The minimum x2 fit of the function y(x,t) shown in Figure 5 to the

data of Figure 2 yields T = 7.8 # 1.0 and b = 130 £ 20 km. As will

. j be shown later, the appropriate value of t is 6.4L4 hr. Using these

three numbers, we find an apparent value of the diffusion coefficient,




10 1 =10 2 s-l

D=14x10em® s orp = 3.9 x 10 Ry . In subsequent
sections it will be seen that this value of D is in the nature
of an upper limit because dispersion has not yet been introduced
into the analysis. The effect of dispersion is to markedly re-
duce the requirement for diffusive effects and hence to reduce the
inferred value of D by at least an order of magnitude.

For p 2 b, the gyrophase-averaged initial profile is of

the form

0 for |x|<0b
Y (x,t =0) = ;Tl- arc cos[1- (|x| - b)/p) for b<|x| < (b+2p)

1 for (b+2p) < |x
(3)

As before, x is the radial distance from the center of the swept-out
region, b is the satellite radius, and p is the gyroradius of the
charged particles. This function makes an analytical solution to
Equation (1) quite intractable. However, it resembles and can be
approximated by a simple trapezoidal shape, which is analytically

manageable. The appropriate initial profile is thus approximately

0 for |x| <Db
y(x,t =0) =< (|x} -v)/2p for v <|x| < (b + 2p)

1 for (b+ 2p) < |x|
(4)

Y e gy - -
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With Equation (4) as the initial condition, Equation (1) can

be solved analytically. The solution is

vix,t) =1+ (__h___gx = bp' 2 )erf(b——e——+J%)?- x
- \x + bp+ 29>erf&b fJ§%€+ xj

/X = b b-x\_ /x+b /b +x)

T "N ot T\ B N fAne/

. / Dt2 }!e-(b-x)a/th . e-(b+x)2/l+nt
bhno

L (320002 /Ut - (be2px)?/kDEy
4

(5)

For several values of the particle gyroradius, p, the
observed normalized data of Figure U4 have been compared to the
analytical solution (5) for various sets of parameters (b,T), where
T = th/bz. The mean squared deviation of the observed points from
the theoretical curve is found to be a minimum for a particular set
(b,T) for each value of the gyroradius. For example, for o = 10 km
(corresponding to electrons with E & 1.7 MeV), the best fit is
obtained with (b = 90 km, T = 12). This solution is shown as the
solid line in Figure 4. For p = 50 km (E = 10 MeV), the nvest fit
is (b = 50 km, T = 4O). This solution is virtually identical to
that shown in Figure 4 for p = 10 km. In general, the fits are not
very sensitive to p for p € 100 km but are significantly poorer at

larger p. Furthermore, the best fits tend to give (p +b) = 100 km.

e
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Thus, even for p = O the estimated radius of Mimas is only about
100 km. This maximum radius is considerably smaller than the value
of 180 km estimated from its optical albedo and mass [Cruikshank,
1978]. Thus, it appears that in this simple picture the observed
profile is narrower than it ought to be, given the amount of
refilling that has apparently occurred. It is clear from Figure 5
that, for a given b, the depth of the profile is the feature that
is the most influential in determiring T. Again using Equation (2),
we find that D~ 3 x 10710 B2 ™" as in the simpler case discussed
previously; and we add the same caveat.

Among the several inadequacies of the above analysis, the
leading one is the neglect of dispersion. This matter is dis-
cussed in the following three sections.

Geometrical and Spectral
Considerations

As mentioned above and discussed more extensively below,
satellite sweep-up holes drift longitudinally at the drift rate
of the missing particles. Thus, there is both energy and pitch
angle dispersion in the longitudinal drift rate. An idealized
instrument measuring several different energy channels at
different pitch angles will see holes of various ages at
different longitudes and, for a satellite in an eccentric
orbit, at different radial locations. Less discriminating

detectors observe a superposition of profiles. 1In principle

S0 T -—m.m-wuxu\?q? TR T ML PR T N e A R IS




our directional detectors A and B have the capability of sorting
out the pitch angle dependence of the profile, but the brief period
of observation of the microsignature yielded counting rate samples
at only a smattering of different pitch angles. For the twelve A
and B points which contribute importantly to the establishment of
the profile in Figure 4, the pitch angles, in time order, are the
following: 139° (L1°), 147° (33°), 112° (68°), 121° (59°), 86°,
95° (85°), 60°, 69°, 34°, 43°, 8°, and 18°. The six underlined
values are for the most influential points in the vicinity of the
minimum of the profile. With one exception (34°) the pitch angles
are between 59° and 86°, a fact that will be used later.

The orbit of Mimas is slightly eccentric (e = 0.0215).
This feature of the orbit is exploited in the following analysis.
According to the best current ephemeris provided us in February
1980 by the Jet Propulsion Laboratory [G. W. Null and J. H.
Lieske, personal communication], the radial distance of Mimas
varied with time during the Pioneer encounter as shown in
Figure 6. At each position Mimas creates absorption holes in
the particle population which then drift away at constant r
in the magnetic field of the planet to form a locus of holes,
continuously moving in longitude. The dipole moment of the
planet is taken to be centered and aligned with its rotational
axis and of magnitude 0.20 gauss Rz [Smith et al., 1980; Acuna
and Ness, 1980]. A spacecraft at a particular radial distance

can observe only those holes that were created when the

T O e [ I o R R W e o7
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satcllite itself was at that radial distance. Thus, the micro-
signature observed at 1546:50.7 ERT at a radial distance of

3.065 R, must have been created when Mimas was at that radial
distance, the most recent such occasion having been at time

t = 6.44 hours (2.318 x th s8) prior to the spacecraft observa-
tion (Figure 6). Furthermore, a hole at that radial distance
would be present only in those particles that had drifted in

6.L4 hours the longitudinal distance between Mimas' position at
the earlier time and Pioneer's position at the time of observa-
tion. In inertial Saturn-centered equatorial coordinates, this
difference in longitude is A@' = qé(15h6:50.7 ERT)-qﬁ(O920:3O ERT)
= 4929, Electrons whose combined curvature, gradient, and corota-
tion drift would have carried them through this Ag' (or 360° - ag')
in 6.44 hours must have had an eastward (+) angular velocity

relative to an inertial coordinate system,

w, = 3.76 x 10~2 radian st

or a westward (-) angular velocity

w, = -2.33 x lO-h radian s~1.

Further discrete values of w; for particles that have drifted

westward by (720° - Ag@'), (1080° -A9'), etc. are mathematically
possible but occur for such high energies that they appear to

be of no interest, because of the spectral paucity of such

particles [Van Allen et al., 1980b].
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i The angular velocity Wy of electrons relative to an inertial
: coordinate system is given by

w; = 8+ (6)

where Q1 is the angular velocity of the planet (corotation),

1.637 x 10')+ radian st [Kaiser et al., 1980], and

wy = - 2.083 x 10~° LE ———ai (E) (7)

| [radian s'l]
! where E is kinetic energy in MeV, L is the dimensionless magnetic
shell parameter and F/G is a weak function of equatorial pitch
angle a_, being 1.0000 for a_ = 90° and 0.9571 for a_ = 60°
[Thomsen and Van Allen, 1980].

Using Equations (6) and (7), we find that E = 1.59 MeV for
the eastward drifting case and 5.T4 MeV for the westward drifting

case. For each of these energies we can determine the present loca-

tion (i.e., at the time of Pioneer's observations) of the holes that

Mimas created at various times in the past along its orbit. 1In
Figure 7(a) we show the location at 1546:51 ERT (the time of the
observed microsignature) of the locus of holes that Mimas has
created in the population of 1.59 MeV electrons during the preceding

18 hours. Each dot is the present location (in radial distance and

] inertial Saturn-centered longitude) of the hole created by Mimas

P
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(n + 0.3558) hours earlier, where the values of n are shown for

every other point. Figure 7(a) also shows the track ,f Pioneer 11
through Mimas' orbit at a longitude of 307°. (Longitude ¢' is
measured eastward from the inertial plane passing through

the 1950.0 ecliptic pole and Saturn's axis pole, taking'the 1950.0
ecliptic/equinox longitude and latitude of the latter to be 78981L2
and 6129324, respectively.) The spacecraft trajectory intersects
the locus at r = 3.065 Rs, the location of the observed micro-
signature at t = 6.44 hours as required.

Figure 7(b) shows the location at the same time (1546.51 ERT)
of the locus of holes that Mimas has created in the population of
5.74 MeV electrons during the preceding 18 hours. As with the
1.59 MeV locus, this one is intersected by the spacecraft trajectory
at r = 3,065 R, t = 6.44 hours as required. However, there is a
more recent point of intersection at r = 3.032 Rs, t = 0.9 hours.
This fact shows that if the particles whose shadow is observed at
3.065 Rs have energy E = 5.74 MeV, then we should also have seen
another much younger (and therefore deeper) signature at 3,032 Rs.
As is e ident in Figure 1, no such signature was present.
Successively higher energies in the discrete set referred to above
all have similar younger intersections at radial distances decidedly
less than 3.065 R .

Figures 8(a) and 8(b) show the loci of holes for E = 1.59
MeV and 5.74 MeV, respectively, at the time of Pioneer 1l's out-

bound crossing of Mimas' orbit. As seen in Figure 8(a), there is

v ---m-m;‘ f L SN
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no intersection between the spacecraft trajectory and the 1.59 MeV

locus for any t less than some tens of hours. We therefore would
expect to see no signature in electrons of this energy along the
outbound traversal. On the other hand (Figure 8(b)), the 5.74 MeV
locus intersects the spacecraft trajectory at r = 3.036 Ry,

t = b4 hours. Unless the fill-in time is considerably shorter
than this, we would expect to see a microsignature at that
location, But as shown in Figure 1 there is no perceptible
microsignature in the outbound data at any point.

Thus, both inbound and outbound observations make it virtually
certain that the electrons whose shadow we observe have energies in
a narrow spectral range around 1.59 MeV.

A striking feature of Figure 4 is the coherence of the
normalized microsignatures from the three detectors. Despite the
very different nominal energy thresholds of the detectors [see
Van Allen et al., 1980b], all three profilcs show a dip to about
65 percent of the ambient level centered at 1546:51. The width of the
dip is also very similar for all three detectors. As we have dis-
cussed above, particles with different energies drift at different
rates relative to the satellite, with the result that a space-
craft should observe holes corresponding to electrons with
different energies at different radial distances. Thus, the
fact that the microsignature is coherent in our three detectors

shows that they are all responding to electrons in the same,




rather narrow energy range. In an accompanying paper ([Van Allen

et al., 1980b] we have shown on entirely independent grounds that

i there are essentially no electrons having energies less than an

p L-dependent value E¥, where E* = 1.46 MeV at Mimas' orbit. Also

'
3 ‘ in the range 10 > L > 5, our best determination of the differential ;
: energy spectrum for E > E¥ is of the form E-3'8. We have further {
g shown that the response of detectors C and D within the Mimas !f
i microsignature region are probably attributable to bremsstrahlung F
V
- #.

o from the same population of electrons that causes the direct
responses of detectors A and B. These independent inferences arec
! consistent with the fact that detectors A, B, C (and D) all show

time- and space-coherent signatures (Figure L4).

Energy and Pitch Angle Dispersion

The observed absorption signature of a satellite is a super- '
position of the signatures of components of the particle population g

having different energies E and equatorial pitch angles a_. Inasmuch

as wp (Equation (7)) at a given L is a function of E and of a_, the

signature of a satellite in an eccentric orbit becrmes broader in

radial width and less deep as the point of oblorval. o meve: away
from the point of origin of the shadow. The nature of

this effect is illustrated by Figure 9. At each point along the
& . satellite's path PlP2’ the satellite "sheds" holes which drift
in longitude at constant r along lines such as PlQlQl and PgQgQé'




L

v = v r—
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In Figure 9, Ql is the present (t =0) position of a hole
created in the electron population at E and a, at the previous
time t at which Mimas was at Pl; and Qi is the present position
of a hole created at E + 8E and ao + 606 at the same previous

time. qui is the resulting dispersion of position. The drift-
ing shadow locus is the cross-hatched strip. As Pioneer 11 cuts
through this strip it observes a shadow of slant width AB. The
angle % is the arc tangent of the ratio of the radial speed to
the circumferential speed of the satellite in its slightly eccen-
tric orbit and the angle & is the arc tangent of this ratio for
the spacecraft in its hyperbolic encounter trajectory. At the
point at which the shadow is observed r = 3.065 R, t = 6.4l4 hr,
# = 1°209, and & = 50°4., 1Inasmuch as the dominant part of the
observed shadow lies in the pitch angle range 90 > a > 60°,
dispersion in ao makes a considerably smaller contribution to
AB than does dispersion in energy. If we take AB = 850 km
(Figures 2 and 4) we find by differential analysis that the

corresponding

8E ~ 0.1 MeV . (8)

Also it is clear that the superposition of overlapping

signatures for different energy components of the particle
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population produces a shallow composite signature, as ob-
served.

Thus, the principal conclusion of this section is that
the breadth of the electron spectrum about its peak at 1.59
MeV can not exceed ~ 0.1 MeV, because this spectral breadth
alone accounts for essentially the full radial width of the
observed signature without any contribution by diffusion and
the finite size of Mimas.

The physical causes of such a nearly monoenergetic
spectrum and the implications on the magnitude of the diffusion

coefficient are examined in the next section.

Spectral Filtering by
Successive Satellites

The characteristics of the spectrum of electrons which are
developed by Van Allen et al. [1980b] for L > 5 are (a) that there
is a low energy cut-off E* at a given L; (b) that E¥ increases
with decreasing L as implied by the constant value of the first

adiabatic invariant p* = 525 MeV/gauss (inbound data), the rela-

tionship between E* and p* being as follows for a, = 90°:
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E* = o0.511 [(1 +-§?§§1)% -11; (9)

and (c) that the differential energy spectrum for E > E* is of
the form E—*5.

As the net inward diffusion of electrons proceeds the
spectrum is subjected to the filtering effect of absorption by
the succession of satellites -- Rhea, Dione, Tethys, and Enceladus
-~ outside of Mimas' orbit. Each of these satellites acts as a

spectral band-pass filter, favoring the survival of electrons

having energies such that
wp = wp (10)

where w, is the Keplerian angular velocity of the satellite,

K

Such favored electrons are the so-called resonant or synchronous
ones, for which the interval between successive encounters with

the satellite 2“/('|w1'-w ) is infinite. Electrons of the

i |

appropriate energy diffuse across a satellite's orbit as

though the satellite were not there, whereas electrons having




off-resonant energy are subjected to losses. Table 1 lists the

resonant energies from Thomsen and Van Allen [1980]. The sequence

of satellites imposes a series of overlapping band-pass filters on the
spectrum of inward diffusing electrons. The full problem has not yet
been solved. But because of the presumed rapid increase of the diffu-

sion coefficient D with increasing L, the filtering effect of the next

outer satellite from Mimas, namely Enceladus, is likely to be the

most influential in conditioning the spectrum of electrons arriving

at Mimas' orbit. In Figure 10, the time interval between successive

encounters of an electron with Enceladus is shown as a function of
energy for o = 30° and 90°. (Of incidental interest here is the
dramatic difference between the curves for electrons and protons
as shown in Figure 10.) As an example, electrons having @ = 90°
and resonant energy E = 1.00 MeV at Enceladus arrive at Mimas,

if the first two adiabatic invariants (p = 620 MeV/gauss, J = 0)
are conserved, with E = 1,62 MeV, a value remarkably close to the
dominant energy (1.59 MeV) that we have inferred on an altogether
independent basis from the microsignature analysis in previous
sections. Moreover, the spectrum of surviving electrons at Mimas
can have the above inferred nearly-monoenergetic form (8E ~ 0.1
MeV) if the characteristic diffusion time across Enceladus' orbit
is such as illustrated by the horizontal line AA' in Figure 10.
Adopting T = 5 (cf. Figure 5), taking t = 3 x 10° s from Figure 10,

and b = 3,0 X lO7 cm [Cruikshank, 1978], we find from Equation (2)

that




.

D ~ 1.0 X 1o‘l°R§ st (11)

a% L = 4 for electrons of kinetic energy E = 1 MeV. This value

of D is one of the principal results of the present paper. It is
thought to be valid to within a factor of 2. At Mimas (L = 3.092),
D will presumably be less by the factor (3.092/3.968)m where m

is the index of a power law dependence of D on L; form = kL, D

at L = 3 would be 3.7 x 10°11 R§ gL

L = 3 would be 8.3 X 10712 Ri s”Y. Either of these values of

3y and form = 10, D at

D is consistent with our earlier conclusion that the profile of
the observed microsignature is attributable primarily to energy
dispersion and not to radial diffusion. Also, it is evident that

the width of the observed profile is insensitive to the radius of

the causative satellite and, therefore, does not yield a significant

determination of b.

Summary

Data are presented for a one-minute dip in electron inten-
sity that was observed coherently by four different University of
Iowa detectors at 1546:51 ERT on DOY 24k/1979 as Pioneer 11 crossed
the orbit of Mimas inbound during its encounter with the Saturn
system. By a detailed analysis, we show that (a) this absorption
microsignature in electron intensity is plausibly attributable to
the particle sweeping effect of Mimas; (b) the radial width of

the signature is caused primarily by energy dispersion in the
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longitudinal drift rate of electrons and not by radial diffusion;

(e) the spectrum of trapped electrons at Mimas is nearly mono-
energetic, centered at kinetic energy E = 1.59 MeV with a spread
6E ~ 0.1 MeV; (d) this narrow spectrum, which is unique in
magnetospheric physics, is caused by the "band-pass filtering"
action of the successive inner satellites, most importantly
Enceladus, on an inward diffusing population of electrons; and
(e) the radial diffusion coefficient D of electrons E = 1.0 MeV

is 1.0 x 1071° Ri g™t

1

at L = 4 and probably in the range

-12 R2 -1

3.7 x 107 to0 8.3 x 10 “slat L= 3.

Discussion
Our analysis proceeds from the basic hypothesis that the

observed microsignature is attributable to Mimas. Thereafter

it is straightforward and free of ad hoc assumptions. The results

are insensitive to mild departures of the true magnetic field from

the centered, untilted dipolar model of Saturn's magnetic field
that we adopted as being consistent with present knowledge.
A dipolar tilt of 1° -2° to the rotatiocnal axis of the planet
has a negligible effect on the conclusions and an equatorial
offset of 0.01 Rs’ the largest value permitted by present
knowledge [Simpson et al., 1980b], has only a mild effect.

In view of the internal consistency of our analysis as
demonstrated above, we find a puzzling feature of the whole body
of data on the microsignature to be the fact that it was ob-

served, and indeed discovered, by the University of Chicago
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group with detectors of quite different nominal characteristics.
Figure 3 of Simpson et al. [1980a] shows the microsignature in a
detector channel labelled "Electrons 7 -17 MeV" and alsc (though
with slightly poorer statistics) in a channel labelled "Protons
0.5 -1.8 MeV". These two microsignatures occur in accurate
temporal coincidence with each other and with the signature
observed by the Iowa detectors (i.e., at the same radial distance);
also, all five of the microsignatures are of similar depth. Yet
we have shown that shadows for particles of different species and
energy mist appear at different radial distances, if such shadows
are indeed caused by Mimas. A possible basis for reconciliation
lies in the difficult problem of identification of the species
and energy of particles causing the responses of the several
detectors of the Iowa and Chicago instruments under the strin-
gent radiation conditions in Saturn's inner magnetosphere. A
critical discussion of the responses of the Iowa detectors

within this region is given in Appendices A and B of Van Allen

et al. [1980b]. 1In view of the large geometric factors and

slow electronies (@ 2 ps) of the Chicago instrument and of its
low counting rates in the Mimas region, we find it difficult to
accept at face value the nominal identification of the particle
species and energies causing the responses of these detectors in

the presence of an omnidirectional intensity L.k x 106 (cm2 sec)'1

of electrons of ~ 1.6 MeV. We think it more likely that the
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two Chicago detectors are also responding primarily, in this
region, to the same population of electrons that we have
identified. If this is true, the Iowa and Chicago results are
consistent with each other and with our Mimas interpretation
of the microsignature.

If, on the other hand, the particles responsible for the
Chicago detectors' responses have been correctly identified by
Simpson et al. [1980a], there appears to be no choice but to make
the ad hoc hypothesis that the microsignature is attributable not
to Mimas but to the direct traversal of the magnetic flux tube of
another, previously unknown, object trailing Mimas in a similar
orbit by a longitude difference of about 56°. The approximate
equality of this longitude difference with the 60° for the
trailing triangular Lagrangian point (L5) of the Mimas-Saturn
system has led Dermott et al. [1980] and Simpson et al. [1980b]
to advocate this hypothesis. In considering this suggestion,
it must be noted that protons Ep = 1 MeVat L = 3.09 and
equatorial pitch angle 90° drift eastward at an angular velocity
of 2.2 X 10‘“ radian s'1 whereas electrons Ee = 10 MeV drift
westward at an angular velocity of 5.9 X lO'u radian s-l,
both referenced to a satellite in a circular Keplerian orbit.
Inasmuch as the two Chicago microsignatures and the three
Jowa microsignatures were accurately coincident in time (and

space), this line of interpretation requires acceptance of

an exceedingly unlikely coincidence, namely that Pioneer 11
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passed almost exactly through the center of the circular magnetic
flux tube containing the hypothetical satellite. Also it requires
quantitative Justification for the absence of a Mimas microsigna-
ture. 1In addition, we consider that there are specific ob-
jections as follows. The prime example of a microsignature in the
Saturn encounter data of Pioneer 11 is the discovery signature of
satellite 1979 S2 at 2.53kL R [Van Allen et al., 1980a]. The
absorption was nearly 100 percent at the center of this signature
and its width was ~ 170 km. At this position the trapped particle
population is of similar nature to that at Mimas' orbit. Absorption
profiles in "7 -17 MeV electrons” and "0.5 - 1.8 MeV protons" were
also found by the Chicago group in this case and because of the
constraint imposed by their particle identification, they were
compelled to propose a nearly exact flux tube traversal. We did
not and do not join in this constraint and can easily accommodate
a miss in longitude of several degrees or more to the west of

the satellite.

In the case at hand, we may reiterate the analogous objec-
tion as follows, If coincident absorption signatures are observed
by two different detectors that are truly sensitive to two different
classes of particles whose longitudinal drifts relative to the
absorbing body are in opposite senses, then a flux tube traversal
is a necessary conclusion, unlikely as such an occurrence may be.
If, however, irrespective of the nominal characteristics of the

detectors they are actually responding to the same class of
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particles, no such conclusion is justified (though it might be true
fortuitously). In this second possibility, the absorption shadow
may stretch out from the satellite over many degrees of longitude if
energy dispersion and diffusive fill-in are sufficiently gradual.

Further evidence against the hypothesis of direct flux tube
traversal in the case at hand is the fact that the observed absorp-
tion is only about 20 to 40 percent, suggesting considerable fill-in,
i.e., "old" signatures. (Contrast with the 98 percent absorption
for the signature of 1979 S2.) Also it may be noted that the radial
width of the microsignature at half-absorption is ~ 680 ¥m (Figures
2 and 4). If this were a "fresh" signature (i.e., one which had
suffered very little diffusive or dispersive fill-in but which,
for some unknown reason, exhibited much less than 100 percent
absorption) the responsible body would be comparable to Mimas in
size and would have been discovered by ground based astronomers
many years ago. Even if an alternative ad hoc hypothesis of a
cluster or cloud of many small satellites near the L5 Lagrangian
point were put forward, it would be difficult if not impossible
to account for the observed particle absorption without violat-
ing the absence of prior optical evidence.

Thus, even apart from consideration of the technical de-
tails of detectors, we find it very unlikely that the Chicago
group's identification of the particles causing the responses of
their two relevant detectors can be correct in the Mimas region

of Saturn's magnetosphere.
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For all of the reasons given above we continue to favor the

Mimas interpretation of the absorption microsignature observed by

. T

Pioneer 11 at r = 3,065 inbound. A corollary aspect of this

position is that the whole body of relevant particle data neither

s v

proves nor disproves the possibility of one or more small satellites
at or near the L5 point of the Mimas-Saturn system.

We have made a preliminary inquiry into the reason that

B e gt

microsignatures of Enceladus, Tethys, Dione, and Rhea were not

observed. Within the context of this paper, it appears likely that

increases in spectral spread and energy dispersion and, probably,

| in D with increasing L are responsible for these negative findings.
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Table 1
Resonant Electron Energies at the Orbits L3
! of Five Satellites of Saturn :
i
Resonant Energy, MeV ; ‘
Semi-major '
Satellite axis, Rg a = 30° 60° 90° 4
Rhea 8.787 0.66 0.57 0.5k 9
Dione 6.292 0.90 0.78 0.74 ‘ ]
| Tethys 4.913 1.09 0.94 0.90 »}
Enceladus 3.968 1.21 1.05 1.00 '3
‘ Mimas 3.092 1.22 1.06 1.00 4
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Figure

Figure

Figure

FIGURE CAPTIONS

1. Counting rates of University of Iowa detectors A, B, C,
and D during the inbound and outbound traversals of the
region of Mimas' orbit. Lighter curves show data at the
finest time resolution available, and heavier curves show
14 sample (115.5 second) averages. The horizontal bar
labeled Mimas shows its excursion in radial distance as it i

moves in its slightly eccentric orbit. ;u

2. The normalized profile of the microsignature as given by
the counting rate of detector C only. Statistical standard
deviations (& 0) of individual counting rate samples are
shown by the vertical bars. The solid line is a diffusion

fit with parameters as given in the text.

3. Pitch angle distribution of counting rate of detector B

for four minutes of data immediately following the time

interval during which the microsignature was observed. The

solid line shows an empirical fit to the data. This shape

e —

(but not the absolute intensity) was found alsc to represent
quite well the data obtained just prior to the micro-

signature.
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Figure 4. Normalized profile of the microsignature in detectors A,

Figure

Figure

B, and C obtained as described in the text. The solid line
is the best fit result of a simple one-dimensional diffusion
model of the satellite sweep-up and refilling process for the
case of total initial absorption and a particle gyroradius of
p = 10 km. The diameter of the satellite 4 = 2b = 180 km and

the value of v are results of the best fit.

5. An instructive family of curves resulting from the solu-
tion of the one-dimensional diffusion equation. Analytical

details are specified on the figure.

6. Radial distance of Mimas as a function of time during the
Pioneer 11 encounter with Saturn. At the mid-time of the
microsignature (1546:50.7 ERT) the spacecraft was at a radial
distance of 3.065 RS. (The inward radial component of the
velocity of the spacecraft was 0.0169 R per minute.) At the
same time Mimas was at a radial distance of 3.0k0 Rs and 5673
eastward of the spacecraft in Saturn-centered inertial
coordinates. The latest previous time at which Mimas was at
3.065 R, was 0920:30 ERT; at that time it was 4929 westward

of the position of the spacecraft at 1546:50.7 ERT (Ephemeris

of Mimas, courtesy of G. W. Null and J. H. Lieske of JPl.).
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i Figure 7. Location (radial distance and inertial equatorial Saturn-

| centered longitude), at the time of the inbound Pioneer
observations, of the shadow locus created by Mimas in the 1
population of (a) 1.59 MeV and (b) 5.7L4 MeV electrons during

the preceding 18 hours. ;

Figure 8(a) and (b). Same as Figure 7(a) and (b), respectively, 'i
§

except at the time of the outbound observations. i

Figure 9. A diagram (not to scale) to illustrate the observed
width of Mimas' particle shadow caused by energy and ‘

: pitch angle dispersion in longitudinal drift rates. ;'

Figure 10. Plots of the calculated time interval between successive f
encounters of electrons (upper two curves) and protons (lower
two curves) with Enceladus as a function of kinetic energy of

the particles. Of particular interest is the resonant, or

synchronous, energy for electrons, Ee = 1.00 MeV for

‘ a = 90° and Ee = 1.21 MeV for o = 30°. Protons exhibit no ;
such resonance at any energy. The horizontal line AA’
4 illustrates a sample diffusion time past Enceladus such as to

result in a narrow band-pass filtering effect on the spectrum

e e

of electrons diffusing inward across its orbit.
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